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We consider using the quantum correlation of light in two optomechanical cavities, which are coupled to each
other through the gravitational interaction of their end mirrors, to probe the quantum nature of gravity. The
optomechanical interaction coherently amplifies the correlation signal, and a unity signal-to-noise ratio can be
achieved within one-year integration time by using high-quality-factor, low-frequency mechanical oscillators.
Measuring the correlation can test classical models of gravity, and is an intermediate step before demonstrating
the gravity-mediated entanglement which has a more stringent requirement on the thermal decoherence rate.
Introduction.—Constructing a consistent and verifiable
quantum theory of gravity is a challenging task of mod-
ern physics [1–3], which is partially due to the difficulty in
observing quantum effects of gravity. This, to certain ex-
tents, motivates some theoretical models that treat gravity as
a fundamental classical entity [4–11] or being emerged from
some yet-to-known underlying microphysics [12–15]. Prob-
ing the quantum nature of gravity experimentally is there-
fore essential for providing hints towards constructing the cor-
rect model [16, 17]. Recently, there are two experimental
proposals about demonstrating gravity-induced quantum en-
tanglement between two mesoscopic test masses in matter-
wave interferometers [18, 19], motivated by an early sugges-
tion of Feynman [20]. The setup involves two interferom-
eters located close to each other and their test masses are
entangled through the gravitational interaction. There are
some discussions regarding whether the gravity-mediated en-
tanglement in the Newtonian limit proves the quantumness
of gravity or not [21–25], because the radiative degrees of
freedom—graviton, are not directly probed in these exper-
iments. Given the lack of experimental evidence, such ex-
periments are important steps towards understanding gravity
in the quantum regime. Interestingly, they are also sensi-
tive to gravity-induced decoherence models for explaining the
quantum-to-classical transition [26–31].
The key to demonstrate the entanglement is a low thermal
decoherence rate, so the quantum coherence from the gravi-
tational interaction can build up significantly. As shown by
Eq. (25) and also Appendix A, there is an universal require-
ment on the thermal decoherence rate that is independent of
the size of the two test masses:
γmkBT ≤ ~Gρ . (1)
Here γm is the damping rate and also quantifies the strength
of the thermal Langevin force according to the fluctuation-
dissipation theorem [32, 33]; kB is the Boltzmann constant; T
is the environmental temperature; G is the gravitational con-
stant; ρ is the density of the test mass. For test masses that are
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mechanical oscillators with resonant frequency ωm, it implies
T
Qm
≤ 1.5 × 10−18K
(
1 Hz
ωm/2pi
) (
ρ
19 g/cm3
)
, (2)
where Qm ≡ ωm/γm is the mechanical quality factor and a
density close to Tungsten or Gold is assumed. This require-
ment is beyond the state-of-the-art, and needs further experi-
mental efforts.
In this paper, we propose an intermediate step before
demonstrating the entanglement by using optomechanical de-
vices [34, 35] to realise gravity-mediated quantum correlation
of light, which is not constrained by Eq. (1). The setup is
shown schematically in Fig. 1. Two optomechanical cavities
are placed close to each other with their end mirrors (as the
test masses) interacting through gravity. Different from the
single-photon nonlinear regime studied by Balushi et al. [36],
we are considering the linear regime with the cavity driven
by a coherent laser, and having the light (optical field) and
the mirrors (mechanical oscillators) in Gaussian states. The
quantum correlation of light is measured by cross-correlating
the homodyne readouts of two photodetectors. With the sys-
tem being in a steady state, the signal-to-noise ratio (SNR) for
the correlation measurement grows in time. As shown later in
Eq. (18), the integration time for achieving a unity SNR is
τ ≈ 1.0 year
(
n¯th/C
0.4
) (
ωm/2pi
1 Hz
)3 (106
Qm
) (
19 g/cm3
ρ
)2
, (3)
where n¯th is the thermal occupation number, and C is the op-
tomechanical cooperativity. To constrain the integration time
FIG. 1. Schematics showing the setup of two optomechanical cav-
ities with their end mirrors coupled to each other through gravity.
The quantum correlation of light is inferred by cross-correlating the
readouts of two photodiodes.
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2within one-year scale given ωm/2pi = 1 Hz and Qm = 106, we
require the cooperativity C being higher than n¯th—the quan-
tum radiation pressure limited regime. Several optomechan-
ical experiments have achieved such a regime but with high-
frequency mechanical oscillators above 1 Hz [37–41] and in
particular, Ref. [41] reported the steady-state entanglement
between light mediated by a mechanical oscillator. Advanc-
ing the experimental techniques towards low frequencies, also
an effort in the gravitational-wave community [42–45], is the
key to measure the gravity-mediated quantum correlation.
Dynamics.—The derivation follows the linear-dynamics
analysis in quantum optomechanics [34, 35]: solving the lin-
ear Heisenberg equations of motions for dynamical variables,
which are the oscillator position and quadratures of the outgo-
ing optical fields, and representing them in terms of external
fields, which are the ingoing optical fields and the thermal
bath field.
Specifically, the total Hamiltonian of the system is Hˆtot =
HˆA + HˆB + HˆAB. The individual cavity is quantified by the
standard linearised optomechanical Hamiltonian HˆA,B, which
describes the radiation pressure coupling between the optical
field and the mechanical oscillator in the presence of a coher-
ent laser. More explicitly, the interaction part of HˆA for cavity
A is (similarly for B):
HˆintA = ~ω
A
q XˆAQˆA . (4)
We denote XˆA as the amplitude quadrature of the cavity mode,
which is conjugate to the phase quadrature YˆA: [XˆA, YˆA] = i,
and QˆA as the oscillator position qˆA normalised with respect
to the zero-point motion
√
~/(2mωm). The parameter ωq de-
scribes the optomechanical coupling strength:
ωq ≡
√
2Pcavω0
mcLωm
, (5)
which depends on the intra-cavity optical power Pcav, the laser
frequency ω0, the oscillator mass m, and the cavity length L.
The interaction Hamiltonian HˆAB between two oscillators
mediated by gravity goes as follows:
HˆAB = ~
ω2g
ωm
QˆAQˆB . (6)
We have assumed two oscillators having the same mass and
frequency, and ignored high-order terms of QˆA,B. Here ωg is
equal to
√
Gm/d3 when the two oscillators have a mean sep-
aration d much larger than their size, which is the case for
mesoscopic levitating test masses considered in Refs. [18, 19,
46]. For macroscopic test-mass oscillators of gram or kilo-
gram scale, their separation can be made comparable to their
size and yet not affected by e.g. the Casimir effect. In this
case, we have
ωg =
√
ΛGρ , (7)
which does not explicitly depend on the mass of the oscilla-
tors. The form factor Λ is determined by the geometry of two
oscillators. It is equal to pi/3 for two spheres with the mean
separation equal to twice of the radius, and we assume it is
equal to 2.0, which is a good approximation for two closely-
located disks with the radius being 1.5 times its thickness (see
Appendix B for more details).
Solving the Heisenberg equations of motion results in the
following frequency domain input-output relation for cavity
A (similarly for cavity B):
XˆoutA (ω) = Xˆ
in
A (ω) , (8)
YˆoutA (ω) = Yˆ
in
A (ω) +
√
2/γ ωAq QˆA(ω) , (9)
where we have assumed that the cavity bandwidth γ is much
larger than the frequency of interest so that the cavity mode
can be adiabatically eliminated, cf. Eq. (2.68) of Ref. [34].
The position of oscillator A satisfies
QˆA = χqq[
√
γ/2ωAq Xˆ
in
A − (ω2g/ωm)QˆB + 2
√
γmQˆthA ] . (10)
Here χqq ≡ −ωm/(ω2 − ω2m + iγmω) is the mechanical sus-
ceptibility; Qˆth is the normalised thermal Langevin force, of
which the double-sided spectral density is equal to n¯th + (1/2)
with the thermal occupation number n¯th ≡ kBT/(~ωm) in the
high-temperature limit.
The final input-output relation involving both cavities is
given by
XˆoutA
YˆoutA
XˆoutB
YˆoutB
 =

1 0 0 0
KA 1 G 0
0 0 1 0
G 0 KB 1


XˆinA
Yˆ inA
XˆinB
Yˆ inB
 +

0 0
αA βA
0 0
βB αB

[
QˆthA
QˆthB
]
.
(11)
Here K ≡ −4ω2qχqq/γ quantifies the correlation between the
amplitude quadrature and the phase quadrature in the individ-
ual cavity and is responsible for the optomechanical squeez-
ing [47–51]. The two parameters α ≡ 2 √2γm/γ ωqχqq and
β ≡ αχqq(ω2g/ωm) quantify the output response to the thermal
fluctuation of the oscillators. The dimensionless parameter G
quantifies the mutual correlation between two cavities and is
defined as G ≡ 4ωAqωBqω2gχ2qq/(γωm). Its magnitude reaches
the maximum at the mechanical resonant frequency and can
be rewritten as
|G(ωm)| = 2
√CACB Qm (ωg
ωm
)2
. (12)
The optomechanical cooperativity C is defined as [35]:
C ≡ 2ω
2
q
γγm
, (13)
which is proportional to the number of intra-cavity photons.
The fact that |G| is proportional to √CACB shows that the
optomechanical interaction coherently enhances the gravity-
induced correlation by amplifying the quantum fluctuation of
light.
Cross correlation.—The gravitational interaction correlates
different quadratures of the outgoing fields of the two cavities.
To infer such a quantum correlation, we apply the data anal-
ysis technique used for searching the stochastic gravitational-
wave background [52–54], which also has been recently ap-
plied to analyse the quantum correlation in the large-scale
3gravitational-wave detector [55] and the Holometer [56]. We
correlate the measurement results of the amplitude quadrature
XˆoutA of cavity A and of the phase quadrature Yˆ
out
B of cavity B,
and construct the following estimator:
CˆXY ≡
" τ/2
−τ/2
dt dt′XˆoutA (t)F (t − t′)YˆoutB (t′) . (14)
where τ is the integration time, and F is some filter function
to be optimised. The correlation signal is given by the expec-
tation value of CˆXY averaged over the quantum state |ψ〉 of the
optical field. The estimation error is determined by the noise
terms in YˆoutB that are uncorrelated with Xˆ
out
A , which we shall
sum together as NˆoutB . The SNR in general depends on the
choice of the filter function F , and as shown in the Appendix
C, maximising the SNR over F leads to
SNR =
√
τ
[∫ +∞
−∞
dω
2pi
|S XY (ω)|2
S XX(ω)S NN(ω)
]1/2
, (15)
where the cross spectral density S XY is the Fourier transform
of 〈ψ|XˆoutA (t)YˆoutB (0)|ψ〉, and similarly S XX and S NN are the
spectral densities for XˆoutA and Nˆ
out
B , respectively. In obtaining
the above result, we have assumed that the integration time is
much longer than the damping time of the mechanical oscil-
lator, namely τ  2pi/γm. As we can see, the SNR grows in
time, which is a generic feature of such a correlation measure-
ment.
Since the linearised optomechanical interaction Eq. (4) al-
ready accounts for the coherent amplitude of the field, the co-
herent state |ψ〉 of the optical field is transformed unitarily into
the vacuum state |0〉 [34], and we have
S XY = G∗/2 , S XX = 1/2 ,
S NN = [1 + |KB|2 + (2n¯Bth + 1)(|αB|2 + |βB|2)]/2 . (16)
Because both G and KB depends on the optical power of cav-
ity B, increasing PBcav does not necessarily increase the SNR.
Maximising the SNR over PBcav leads to ω
B
q |opt =
√
γ/(4|χqq|)
and
SNR =
√
τ
∫ dω2pi 2(ω
A
q )
2ω4g|χqq(ω)|2
γω2m[|χqq(ω)|−1 + (2n¯Bth + 1)γm]
1/2 (17)
where we have ignored |βB|2 as it is much smaller than |αB|2.
Since the integrand reaches its maximum at ±ωm, we can re-
place |χqq(ω)|−1 in the denominator as |χqq(±ωm)|−1 = γm. Fi-
nally, by completing the integration we obtain
SNR =
 τCAQmω4g2(n¯Bth + 1)ω3m
1/2 . (18)
To reach a unity SNR, the integration time therefore needs to
satisfy Eq. (3) for n¯Bth  1 and given the form factor Λ = 2.0.
We have also assumed n¯Ath is equal to n¯
B
th in Eq. (3). In prin-
ciple, these two cavities can operate at different temperatures,
and the requirement of having cavity A quantum-radiation-
pressure limited is no longer needed, as long as n¯Bth is much
smaller than n¯Ath and CA/n¯Bth < 1.
Entanglement.—The quantum correlation discussed so far
is also the one responsible for the entanglement between the
optical fields in the two cavities, which is encoded in the the
entire covariance matrix V of the outgoing fields with the cor-
relation being the off-diagonal term of V. Notice that the cor-
relation reaches the maximum at the mechanical resonance
frequency and has a narrow bandwidth in frequency for high-
quality-factor oscillators. We can therefore focus on the op-
tical modes specifically around ω0 + ωm and ω0 − ωm. The
relevant quadrature operators for these two modes in the two-
photon formalism [57] are defined as
Xˆ ≡
√
∆ω/pi Xˆout(ωm) , Yˆ ≡
√
∆ω/pi Yˆout(ωm) , (19)
where Xˆout(ωm) is the Fourier transform of Xˆout(t) at ωm.
They satisfy [Xˆ, Yˆ†] = 2i. We have used the approxima-
tion of Dirac delta function δ(0) ≈ 1/∆ω. For this approx-
imation to be valid, the bandwidth ∆ω needs to be at least
of the same order as γm—the smallest frequency scale in
our system, which also implies a measurement time longer
than the mechanical damping time when one tries to verify
such an entanglement. The covariance matrix is defined as
V ≡ 〈ψ|[XˆA YˆA XˆB YˆB]T[Xˆ†A Yˆ†A Xˆ†B Yˆ†B]|ψ〉sym where super-
script “T” means transpose and subscript “sym” means sym-
metrisation: 〈ψ|XˆYˆ|ψ〉sym ≡ 〈ψ|XˆYˆ† + Yˆ†Xˆ|ψ〉/2. The total
covariance matrix is
V ≡
[
VA VAB
VTAB VB
]
. (20)
The diagonal components VA = VB are the autocorrelation:
VA =
[
1 K∗
K 1 + |K|2 + |G|2 + (2n¯th + 1)(|α|2 + |β|2)
]
, (21)
where, for simplicity, we have assumed that two cavities have
the same optical power: ωAq = ω
B
q so that KA = KB ≡ K . The
off-diagonal one, describing the cross correlation, is
VAB =
[
0 G∗
G 0
]
. (22)
All the above quantities K , G, α and β are referring to their
values at ωm.
The figure of merit for quantifying such a bipartite Gaussian
entanglement is the so-called logarithmic negativity EN [58,
59], which can be derived from V:
EN = max
{
−(1/2) ln
[(
Σ −
√
Σ2 − 4det V
)
/2
]
, 0
}
, (23)
where Σ ≡ det VA +det VB−2 det VAB. A nonzero EN implies
the existence of entanglement. In our case, the first term is
equal to
− ln
[√
1 + |G|2 + (2n¯th + 1)(|α|2 + |β|2) − |G|
]
. (24)
Having it larger than zero requires
(2n¯th + 1)(|α|2 + |β|2) < 2|G| . (25)
4When using the fact that |α|  |β| and n¯th  1, we arrive at the
condition shown in Eqs. (1) and (2) for Λ = 2.0. This require-
ment for creating entanglement is more stringent than the one
shown in Eq. (3) for measuring the quantum correlation. A
similar analysis of steady-state Gaussian entanglement in the
case of two levitating nanobeads has also been presented by
Qvarfort et al. [46]. In Appendix A, we relax the constraint of
having the test masses with a non-zero ωm or being Gaussian,
and derive the same requirement shown in Eq. (1), which is
universal to different setups trying to demonstrate the gravity-
mediated entanglement.
Conclusions and Discussions.—To summarise, our ap-
proach for probing the quantum nature of gravity takes ad-
vantage of new advancements in quantum optomechanical ex-
periments, and is complimentary to other approaches based
upon matter-wave interferometers. It requires quantum radi-
ation pressure limited systems with high-quality-factor, low-
frequency mechanical test masses. Even though the correla-
tion signal does not explicitly depend on the size of the test
mass, having a low resonant frequency usually implies macro-
scopic test masses. For illustration, we provide a possible set
of parameters to reach n¯th/C of the order of 0.4 mentioned in
Eq. (3) with ωm/(2pi) = 1 Hz and Qm = 106:
n¯th
C ≈ 0.4
(
m
1 g
) (
2 kW
Pcav
) (
6000
Finesse
) ( T
300 K
)
, (26)
which corresponds to a suspended high-finesse cavity with
a gram-scale test-mass mirror at room temperature, close to
what has been achieved by the MIT group [60]. The grav-
ity experiments with milligram test masses [61, 62] can be
promising if pushed to the low-frequency regime.
Finally, we would like to make a comment on the conse-
quence of different outcomes of such a correlation measure-
ment. If we do not detect a predicted level of quantum cor-
relation signal after a sufficiently long integration time, it will
imply that the assumption on the gravity sector is problematic,
cf. Eq. (6), because the quantum optomechanics experiments
have already tested the quantum model of the optomechani-
cal interaction. One compelling possibility is then gravity is
classical, so that it does not appear in the quantum interac-
tion Hamiltonian. If we do observe a non-zero correlation
and calibrate properly the contributions from other classical
sources of correlation, we will be able to rule out Schro¨dinger-
Newton (SN) type of classical gravity models—the gravity is
sourced by the expectation value of quantum matters [4–11],
which does not lead to the quantum correlation. This is be-
cause the corresponding SN two-body interaction in our setup
would be, cf. Eq. (27) of Ref. [9],
HˆSNAB = ~
ω2g
2ωm
(
〈QˆA〉QˆB + QˆA〈QˆB〉
)
. (27)
According to Eq. (10), the quantum part of 〈QˆA〉 or 〈QˆB〉 is
zero, as the expectation value (the first moment) of the quan-
tum fluctuation XˆinA is zero. However, we cannot make a con-
clusive statement about emergent classical gravity theories.
Because we only access the quantum correlation of the light,
there could be hidden degrees of freedom that lead to deco-
herence of the entire system, but still allow the existence of
the quantum correlation of the subsystem. Testing these theo-
ries would require the verification of quantum entanglement,
which, as shown by Eq. (2), is much more challenging given
the optomechanical setup considered here.
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Appendix A: Condition for realising gravity-mediated
entanglement with free test masses
In the session concerning the entanglement, we have de-
rived the requirement for achieving the entanglement with two
mechanical oscillators, which is Eq. (1): γmkBT ≤ ~Gρ. It
turns out to be equally applied to the free-mass case with the
resonant frequency ωm → 0, as ωm does not appear explicitly
in the equation. Here we will illustrate the proof.
We consider the standard thermal decoherence model. The
corresponding master equation for the density matrix %ˆ of the
two test masses takes the following diffusive form:
˙ˆ%(t) =
i
~
[
%ˆ(t), HˆAB
]
− 2mγmkBTδx
2
q
~2
∑
j=A,B
[
Qˆ j,
[
Qˆ j, %ˆ(t)
]]
,
(A1)
where δxq is the characteristic quantum scale and is equal to
the Standard Quantum Limit (SQL) [63] for Gaussian states
and the size of the quantum superposition for non-Gaussian
states. For the quantum entanglement to survive in the pres-
ence of the thermal decoherence, we require the interaction
rate to be larger than the decoherence rate:
||HˆAB||
~
≥ 2mγmkBTδx
2
q
~2
, (A2)
where ||HˆAB|| is the norm that quantifies the magnitude of the
gravitational-interaction energy when A and B are at the quan-
tum level.
In the case of δxq much smaller than the mean separation d,
we have, according to Eq. (6),
||HˆAB|| ≈ 2ΛGmρδx2q , (A3)
where we have assumed that δxq is the same for A and B. The
condition Eq. (A2) leads to Eq. (1) for Λ being the order of 1.
Similarly, when δxq is much larger than the mean separation
d, e.g. the non-Gaussian superposition state in the setup us-
ing the matter-wave interferometers [18, 19], the correspond-
ing gravitational interaction energy is simply
||HˆAB|| = Gm
2
d
. (A4)
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FIG. 2. The form factor Λ as a function of distance for different
ratios between the radius R and the thickness h of the disk. As a
reference, we also show the case of two spheres in dashed line. The
lower bound of the distance for different curves are defined by the
one when the two disks touch each other.
Eq. (A2) results in
γmkBT ≤ ~Gm2dδx2q
<
~Gm
2d3
≤ ~Gρ , (A5)
where in the last inequality we have used the fact that m/d3
is at most of the order of the matter density ρ. Therefore,
regardless whether the two test masses (either being free mass
or harmonic oscillator) are prepared in Gaussian states or non-
Gaussian states, the same requirement applies for achieving
the gravity-mediated entanglement in the presence of thermal
decoherence.
Appendix B: Dependence of Λ on the test mass geometry
Depending on the geometry of the two test masses, the form
factor in defining ωg in Eq. (7) is different. The simplest case
is having two identical spheres with a uniform density, and
Λ = pi/3 when their mean separation is equal to twice of their
radius. Here we consider two test masses that have the shape
of a disk which is usually the geometry for mirrors of opti-
cal cavities. Since there is no analytical expression for the
Newtonian force between two disks, we perform numerical
integration of the force for disks with different ratios between
the radius R and the thickness h. We then take the derivative
numerically with respect to their mean separation d along the
optical axis to obtain Λ for different mean separations and the
maximum Λ is achieved when their surfaces are close to each
other with d approximately equal to h. Fig. 2 shows the re-
sult, and we can see the maximum value of Λ for R/h = 1.5 is
around 2.0, which is the one we assumed in the main text.
Appendix C: Optimal filter function
Here we show the details for deriving Eq. (15) by optimis-
ing the filter function F . The basic logic follows Ref. [52];
a difference is that, in our case, the readout of the amplitude
quadrature XˆoutA of cavity A is effectively noiseless while both
readouts considered in Ref. [52] have noise.
The amplitude µ of the correlation signal is obtained by tak-
ing the expectation value of the estimator CˆXY over the quan-
tum state ψ of the optical field:
µ ≡ 〈CˆXY〉 =
〈
ψ
∣∣∣∣∣∣
" τ/2
−τ/2
dt dt′XˆoutA (t)F (t − t′)YˆoutB (t′)
∣∣∣∣∣∣ψ
〉
=
" τ/2
−τ/2
dt dt′SXY (t − t′)F (t − t′) . (C1)
where SXY is the inverse Fourier transform of the cross spec-
tral density S XY . The estimation error σ is given by
σ ≡
〈
ψ
∣∣∣∣∣∣∣
[" τ/2
−τ/2
dt dt′XˆoutA (t)F (t − t′)NˆoutB (t′)
]2∣∣∣∣∣∣∣ψ
〉1/2
=
[& τ/2
−τ/2
dt dt′ dt′′ dt′′′F (t − t′)SXX(t − t′′′)SNN(t′ − t′′)F (t′′′ − t′′)
]1/2
,
(C2)
The SNR for the correlation measurement is defined as the
ratio of the signal amplitude µ and the estimation error σ,
namely,
SNR ≡ µ
σ
, (C3)
which is a functional of the filter function F . If we view F ,
CNN , and G as matrices in the L2 function space, we can sym-
bolically rewrite SNR as
SNR =
Tr[SXYF ]
Tr[FSXXSNNF ]1/2 , (C4)
where we have used the fact that F is symmetric. Similar
to the derivation of the optimal matched filter in the signal
processing, the maximum SNR can be derived as
SNRmax =
√
Tr[SXY (SXXSNN)−1SXY ] . (C5)
6If the integration time τ is longer than the mechanical damping
time 2pi/γm, we can approximate sin(ωτ − ω′τ)/(ω − ω′) as
the Dirac delta function δ(ω − ω′), as γm defines the smallest
frequency scale of interest, and the above expression of SNR
can then be rewritten as Eq. (15) in the frequency domain.
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